ABSTRACT: Effects of selection for ovulation rate or prenatal survival were examined using data from 3 pigs lines derived from the same base Large White population. Two lines were selected for 6 generations on high ovulation rate at puberty (OR line) or high prenatal survival corrected for ovulation rate in the first 2 parities (PS line). The third line was an unselected control line. Genetic parameters for ovulation rate on the left, right, and both ovaries at puberty (ORPL, ORPR, and ORP, respectively) and at fertilization (ORFL, ORFR, and ORF, respectively), total number of piglets born (TNB) per litter, prenatal survival (PS = TNB/ORF), and PS corrected for ovulation rate (CPS = PS + 0.018ORF) were estimated using REML methodology. Responses to selection were estimated by computing differences between OR or PS and control lines at each generation using least squares and mixed models methodology. Average genetic trends were computed by regressing line differences on generation number. Realized heritabilities were estimated using standard procedures. Heritability estimates were 0.17, 0.11, 0.34, 0.13,
INTRODUCTION
Sow prolificacy is a major component of the economic efficiency of pig production (Tess et al., 1983; de Vries, 1989 ). Yet litter size is a lowly heritable trait (Rothschild and Bidanel, 1998) , which is rather difficult to select using standard selection methods. Indeed, direct selection for increased litter size has often produced 1 Financial support was provided to the first author by Consejo Nacional de Ciencia y Tecnologia and Colegio de Postgraduados, Montecillo, Mexico. 356 0.09, 0.33, 0.14, 0.11, and 0.17 (SE = 0.01 to 0.03) for ORPL, ORPR, ORP, ORFL, ORFR, ORF, PS, CPS, and TNB, respectively. Realized heritabilities were 0.37 ± 0.08 and 0.10 ± 0.09 for ORP and CPS, respectively. The different measures of ovulation rate had strong genetic correlations (r g > 0.7). The ORF had midrange negative genetic correlations with PS and CPS (−0.45 ± 0.07 and −0.42 ± 0.08, respectively). The ORP also had an antagonistic genetic relationship with PS (−0.26 ± 0.07) but was almost independent from CPS (−0.02 ± 0.11). The TNB was moderately correlated with ORP and ORF (r g = 0.41 ± 0.09 for both traits). Average genetic trends in OR and PS lines were, respectively, 0.49 ± 0.10 and 0.11 ± 0.10 for ORP, and 0.43 ± 0.11 and 0.11 ± 0.11 for ORF. Responses to selection were slightly superior in the left than in the right ovary. No significant difference was found for PS or CPS in any of the lines. The TNB did not change in the OR line but significantly improved in the PS line (0.24 ± 0.11 piglets/generation).
no (Bolet et al., 1989) or limited responses (Holl and Robison, 2003) . Sow prolificacy has been successfully selected in large populations by applying high selection intensities in so-called "hyperprolific" breeding schemes (Legault and Gruand, 1976; Bidanel et al., 1994) , resulting in a genetic gain of almost 3 piglets over the last 15 yr in the French Large White breed (Tribout et al., 2003) but remains difficult to select for in smaller populations.
Several authors have proposed to use more highly heritable, indirect criteria to improve the efficiency of selection for litter size; e.g., uterine capacity (Christenson et al., 1987) , uterine efficiency (Wilson et al., 1999; Mesa et al., 2005) , or components of litter size. In rabbits, selection for uterine capacity has resulted in a significant correlated response on litter size at birth (Argente et al., 1997) . In pigs, Johnson et al. (1999) successfully increased litter size after 10 generations of selection for an index combining ovulation rate and embryonic survival. Yet, the interest in indirect selection on components of litter size as compared with direct selection on litter size critically depends on the genetic parameters of these components (Perez-Enciso et al., 1996) . A selection experiment has been carried out at INRA to estimate the genetic parameters of components of litter size in the French Large White breed.
The objective of this study was to estimate genetic parameters and direct responses to selection for ovulation rate and prenatal survival.
MATERIALS AND METHODS

Animals and Experimental Design
Animal care followed the general guidelines outlined in the European animal welfare regulations.
The experiment took place at the INRA experimental herd of Galle (Avord, France). The base generation was constituted by the progeny of a foundation breeding stock consisting of 24 unrelated AI boars and 42 sows. Males and females from this base generation were randomly allocated within litter to 3 contemporary lines. Two lines were then selected for either ovulation rate at puberty (OR line) or prenatal survival over the first 2 parities, corrected for ovulation rate (PS line). The third line was kept as an unselected control line. At each generation, about 50 gilts and 6 to 8 boars from the first litters were kept for breeding. Boars were chosen on a within-sire family basis in the 3 lines. Gilts were randomly chosen within-dam family in the control line and selected on a population basis in the 2 other lines from generation 1 to 6. In the seventh generation, no selection was practiced, so that breeding animals were chosen at random in the 3 lines.
A mating plan was established to minimize the increase in the average coefficient of inbreeding in the resulting progeny at each generation. In the last generation of the experiment, the average inbreeding coefficient was 15.7, 10.9, and 7.2% in PS, OR, and control lines, respectively. The greater inbreeding in the PS line was due to the combination of 2 factors: 1) as all female progeny from selected sows were kept for breeding, replacement females originated from a lower number of dam families at each generation; and 2) 1 sire family was lost in generation 3.
The sow herd was managed under a batch farrowing system. At each generation, females were distributed into 7 farrowing batches. These batches then became postweaning and fattening batches of their progeny. Females were inseminated twice at a 24-h interval. Seven gilts from each line were introduced in each farrowing batch. All females that did not conceive at first mating joined the subsequent farrowing batch where they had the opportunity to be mated once more. Hence, there could be some variation in the number of females per line by batch combination, but each batch included females from the 3 lines. Litters were born in individual farrowing crates. When necessary (e.g., large litters), some piglets could be moved to another crate within the first few hours after farrowing.
Puberty was defined as the first estrus, indicated by a standing response to a teaser boar. Estrus detection, on a daily basis, was initiated at 150 d of age on and continued until most females reached puberty. Ovulation rate at puberty, estimated by counting the number of corpora lutea visible on the ovaries, was measured in females under general anesthesia by laparoscopy between 10 and 15 d after the first estrus. The visual exam of the ovaries also allowed checking whether the first detected estrus corresponded to the first ovulation. When a previous ovulation had occurred, which only occurred 16 times over the whole experiment, gilts were removed from the experiment. Females kept for breeding were then mated at 11 mo of age on average, after a synchronization treatment with a progestagen (Regumate-altrenogest, Janssen Animal Health, Saunderton, UK). Ovulation rate was measured, as described above, between 10 and 15 d after mating. Females were retained to produce 2 litters. The numbers of piglets born alive, stillborn, and mummified were recorded at each farrowing.
The selection criterion in the OR line was ovulation rate at puberty. Gilts were selected on their own performance, and boars were selected on the performance of their dam. The selection criterion in the PS line was the average prenatal survival over the first 2 parities, corrected for ovulation rate [CPS = 0.5(CPS 1 + CPS 2 ), with CPS i = PS i + 0.018ORF i , where i (=1,2) denotes parity number].
Statistical Analyses
Traits. Nine traits were defined and analyzed from the above mentioned measurements; i.e., the numbers of corpora lutea in the left and right ovaries and their sum at puberty (ORPL, ORPR, and ORP, respectively) and at fertilization (ORFL, ORFR, and ORF, respectively); the total number of fully formed piglets (TNB); the rate of prenatal survival, defined as the ratio of TNB to ORF; and CPS, defined as PS + 0.018ORF. Elementary statistics for the 9 traits studied are given in Table 1 .
Least Squares Analyses of Line Differences and
Realized Heritabilities. Line × generation means for each trait were estimated using a linear model, including the fixed effects of generation number (0 to 7), line (OR, PS, or control), line × generation interaction, parity number (1 or 2, except for traits defined at puberty), and contemporary group within generation. This contemporary group effect consisted of a birth batch effect for traits measured at puberty and of a farrowing batch effect for traits measured at fertilization and at farrowing. Sow or litter inbreeding coefficients, or both, and age at puberty, at fertilization, or at farrowing were also included as linear covariates (Table 2 ). Quadratic components were tested for each covariate in prelimi- nary analyses, but they were all nonsignificant. Responses to selection were estimated as the differences between the average performance of animals in selected lines and the average performance in the control line at each generation. Approximate SE of responses to selection were computed, accounting for drift and measurement error variances (Hill, 1972) . A similar procedure to that employed by Neal et al. (1989) was used to estimate realized heritabilities.
Mixed Models Analyses.
Variance components were first estimated using REML methodology (Patterson and Thompson, 1971) applied to a multivariate animal model. The models used to describe the different traits analyzed are shown in Table 2 . All traits were considered as sow traits. Common birth litter and sow permanent environmental effects were fitted as uncorrelated random effects. The analyses were performed using VCE (Neumaier and Groeneveld, 1998) and ASREML (Gilmour et al., 2002) computer packages. The BLUP estimated breeding values were then computed as backsolutions of the REML analyses. Responses to selection were estimated from the within-generation line difference (selected − control) of average estimated breeding values of animals recorded for the trait analyzed or 
ORPL, ORPR, ORP = ovulation rate at puberty in the left, right, and both ovaries, respectively; ORFL, ORFR, ORF = ovulation rate at fertilization in the left, right, and both ovaries, respectively; PS = prenatal survival; CPS = prenatal survival corrected for ovulation rate; TNB = total number of piglets born per litter. by contrasting coefficients of regression of estimated breeding values on generation number within each line. Because no selection occurred in the seventh generation, it was grouped with the sixth generation to compute the coefficients of regression on generation number. The variance of these within-generation differences and regression coefficients was computed from the animal by animal part of the inverse of the coefficient matrix from the mixed models equations at convergence for variance components, as described by, for example, Johnson et al. (1999) .
RESULTS
The REML estimates of genetic parameters are shown in Table 3 . Ovulation rate at puberty and at fertilization had rather high heritability values. The number of corpora on each ovary was much less heritable, with significantly greater values on the left than on the right ovary at puberty and fertilization. Low, but significant, heritabilities were obtained for prenatal survival, corrected prenatal survival, and litter size traits at birth. Common litter effects, which include a large part of dominance effects (Johansson et al., 1994) , ORPL, ORPR, ORP = ovulation rate at puberty in the left, right, and both ovaries, respectively; ORFL, ORFR, ORF = ovulation rate at fertilization in the left, right, and both ovaries, respectively; PS = prenatal survival; CPS = prenatal survival corrected for ovulation rate; TNB = total number of piglets born per litter. were low for all traits investigated. Permanent environmental effects were also low for ovulation rate measurements and prenatal survival but much greater for litter size at birth.
Estimates of phenotypic and genetic correlations are shown in Table 4 . The number of corpora lutea on the left and the right ovaries presented negative phenotypic correlations at puberty and fertilization (−0.40 and −0.30, respectively). The other phenotypic correlations between ovulation rate measurements were weakly positive (0.09 to 0.33), except between the numbers of corpora lutea on each ovary and total ovulation rate, which had stronger relationships (0.51 to 0.58). Conversely, genetic correlations between the different ovulation rate measurements were all highly positive (0.72 to 0.99). Similarly, the phenotypic and genetic correlations between PS and CPS were close to unity (0.96 and 0.95, respectively).
Ovulation rate measurements had negative (i.e., antagonistic) phenotypic and genetic relationships with ORPL, ORPR, ORP = ovulation rate at puberty in the left, right, and both ovaries, respectively; ORFL, ORFR, ORF = ovulation rate at fertilization in the left, right, and both ovaries, respectively; PS = prenatal survival; CPS = prenatal survival corrected for ovulation rate; TNB = total number of piglets born per litter.
PS. The antagonism was low at puberty (r p = −0.05 to −0.18; r g = −0.11 to −0.34), but stronger at fertilization, with phenotypic correlations ranging from −0.23 to −0.36 and genetic correlations ranging from −0.45 to −0.66. The CPS had weak phenotypic correlations with the various OR measurements (|r p | ≤ 0.12). Genetic correlations were also low with ovulation at puberty (|r g | ≤ 0.08) but were moderately negative at fertilization (from −0.31 to −0.42). Phenotypic correlations between ovulation rate measurements and litter size at birth were all low (<0.22). With the exception of the large values obtained for ORPR (r g = 0.62), genetic correlations between OR measurements and TNB were moderately positive at puberty (r g = 0.30 to 0.42) and fertilization (r g = 0.18 to 0.41). Conversely, litter size at birth had very strong phenotypic (0.82) and genetic (0.66) correlations with prenatal survival.
Least squares (LS) and mixed models (MM) estimates of responses to selection for ORP, ORF, PS, CPS, and TNB are shown in Figures 1 to 5. Regression coefficients of response to selection on generation number for the 9 traits analyzed are given in Table 5 . The LS and MM estimates of response to selection were very similar, except for ORFL, ORFR, and ORF, where MM estimates were slightly lower than LS estimates (e.g., 0.43 vs. 0.60 for the regression coefficient of ORF response on generation number).
Ovulation rate at puberty and at fertilization increased at a similar rate from generation 1 to 6 but slightly decreased in generation 7 in OR line. Regression coefficients of response to selection on generation number were superior to 0.5 corpora lutea for both traits. The realized heritability for ORP (ĥ 2 r = 0.37 ± 0.08) was highly significant (P < 0.001). The response to selection tended to be larger in the left than in the right ovary both at puberty and at fertilization (+0.25 ± 0.09 vs. +0.19 ± 0.10 and +0.22 ± 0.10 vs. +0.17 ± 0.10, respectively). Ovulation rate at puberty also tended to increase in the PS line (P < 0.10), with an improvement that mainly occurred during the first 3 generations (Figure 1) . Conversely, no significant trend was observed for ORF in the PS line. Figure 1 . Differences (selected minus control line) in phenotypic least squares (LS) means and average breeding value (BLUP-AM) plotted by generation for ovulation rate at puberty between the line selected for ovulation rate at puberty (a) or prenatal survival (b) and the unselected control line. *P < 0.05; **P < 0.01; ***P < 0.001.
Contrary to ovulation rate, prenatal survival did not show any significant trend in the PS line and was associated with a nonsignificant estimate of the realized heritability (ĥ 2 r = 0.10 ± 0.09). An unfavorable trend (P < 0.10) was obtained for CPS and PS in the in the OR line, particularly in generations 4 and 5 (Figure 3) .
Litter size at birth remained almost constant in the OR line but significantly improved in the PS line (+0.24 ± 0.11 piglet/generation, Figure 4 ).
DISCUSSION
The primary objective of the experiment was to obtain estimates of genetic parameters of components of litter size in order to predict the potential interest of selecting on these components. Heritability estimates for ORP and ORF are moderate and close to average literature values (Rothschild and Bidanel, 1998) . They indicate that ovulation rate can rather easily be improved by selection, as shown by the significant direct responses obtained in the OR line. This positive result is in agreement with the results from previous experiments Figure 2 . Differences (selected minus control line) in phenotypic least squares (LS) means and average breeding value (BLUP-AM) plotted by generation for ovulation rate at fertilization between the line selected for ovulation rate at puberty (a) or prenatal survival (b) and the unselected control line. *P < 0.05; **P < 0.01; ***P < 0.001. in mice (Bradford, 1969; Land and Falconer, 1969) and in pigs (Zimmerman and Cunningham, 1975) , although realized heritabilities somewhat differed between studies: 0.39 in our study vs. 0.31 (Land and Falconer, 1969) and 0.10 (Bradford, 1969) in mice and 0.42 (Cunningham et al., 1979) in pigs. The larger heritability values in the left than in the right ovary agrees with the only result available in the literature (i.e., that of Nielsen et al., 1996) in mice, who also found greater heritability values for the number of corpora lutea and uterine capacity on the left than on the right side. They may indicate a more prominent role of the left ovary in the set of interactions between ovaries. These interactions appear as mainly of environmental origin because genetic correlations between left and right ovulation rates are close to unity, thus indicating a common genetic determinism. They may reflect a negative control of ovulation rate between ovaries, which would result to some extent in a limitation of the total number of ova shed.
Genetic correlations between ovulation rate measurements at puberty and at fertilization were high: Figure 3 . Differences (selected minus control line) in phenotypic least squares (LS) means and average breeding value (BLUP-AM) plotted by generation for prenatal survival between the line selected for ovulation rate at puberty (a) or prenatal survival (b) and the unselected control line. *P < 0.05; **P < 0.01; ***P < 0.001.
estimates ranged from 0.72 to 0.95 and generally did not differ from unity. The 2 measurements thus have a largely common genetic determinism, though ORP is estimated at a constant physiological stage (i.e., puberty), whereas ORF is basically measured at a constant age. This common genetic determinism is confirmed by the strong correlative response of ORF to selection for ORP.
The heritability of prenatal survival was significant but much lower than that of ovulation rate and of the same order of magnitude as that of litter size at birth (0.14 vs. 0.17 for total number born). It indicates that some genetic variation exists for prenatal survival but that it explains only a limited fraction of the phenotypic variability. The estimate is similar to that obtained by Johnson et al. (1999) at 50 d of gestation but larger than the values reported by Gama et al. (1991) also at 50 d of gestation, Bidanel et al. (1996) at 30 d of gestation, and above all Haley and Lee (1992) , who obtained no genetic variation in prenatal survival. This low heritability value is a potential explanation for the lack of significant direct response to selection for PS, although . Differences (selected minus control line) in phenotypic least squares (LS) means and average breeding value (BLUP-AM) plotted by generation for corrected prenatal survival between the line selected for ovulation rate at puberty (a) or prenatal survival (b) and the unselected control line. *P < 0.05; **P < 0.01; ***P < 0.001. the experiment had a power of almost 80% for a heritability value of 0.14 for CPS. Other elements, such as the greater increase of inbreeding in the PS than in the other lines or the complexity of the selection criterion used, may also explain the lack of significant direct response to selection. Indeed, the selection criterion, CPS, was a 2-trait index involving OR and PS, this latter trait being defined as a ratio. A significant response to selection on prenatal survival was obtained by (Bradford, 1969 ) using a ratio trait as a selection criterion. Yet, response to selection on ratio traits has been shown through simulation studies to be difficult to predict and may substantially differ from expectation (Gunsett, 1987; Krieter and Presuhn, 1997) . Then, the phenotypic and genetic correlations between ORF and PS were stronger than the average literature values (Bidanel, 1989) used to compute the selection index (respectively, −0.36 and −0.45 vs. −0.25 and −0.40). These larger than expected correlations and the use of wrong genetic parameters (Sales and Hill, 1976 ) might both have contributed to a reduced response to selection.
The genetic antagonism between ovulation rate at fertilization and the subsequent prenatal survival was Figure 5 . Differences (selected minus control line) in phenotypic least squares (LS) means and average breeding value (BLUP-AM) plotted by generation for total number born (TNB) between the line selected for ovulation rate at puberty (a) or prenatal survival (b) and the unselected control line. *P < 0.05; **P < 0.01; ***P < 0.001. ORPL, ORPR, ORP = ovulation rate at puberty in the left, right, and both ovaries, respectively; ORFL, ORFR, ORF = ovulation rate at fertilization in the left, right, and both ovaries, respectively; PS = prenatal survival; CPS = prenatal survival corrected for ovulation rate; TNB = total number of piglets born per litter.
indeed slightly stronger than the average literature value at the beginning of the experiment (Bidanel, 1989) , but a wide range of estimates have been reported since then. Low values were reported for embryo survival rate at 30 d of gestation (Young et al., 1977; Bolet et al., 1989; Bidanel et al., 1996) , whereas strongly negative values (−0.56 and −0.86, respectively) were reported by Neal et al. (1989) and Johnson et al. (1999) at 50 d of gestation. In rabbits, Blasco et al. (2005) obtained a moderate genetic correlation between ovulation and prenatal survival (−0.37). They additionally showed that survival rates during the 2 main stages of prenatal life (i.e., embryonic and fetal periods) have a completely different genetic determinism. Ovulation rate had a strongly positive genetic correlation (0.61) with embryo survival but a negative one with fetal survival (−0.63). This result is a clear indication of an increased uterine competition throughout gestation. An increased competition has also been shown in pigs by superovulation and embryo transfer experiments (Dziuk, 1968; Pope et al., 1972; Webel and Dziuk, 1974) or more recently by experiments on unilaterally hystero-ovariectomized females (Christenson et al., 1987; Legault et al., 1995) . However, as evidenced in rabbits by Argente et al. (1997) , competition between embryos after implantation does not solely explain variations in litter size, which also largely depend on the pre-or periimplantatory periods.
Litter size at birth had positive genetic correlations with ovulation rate and prenatal survival measurements but with stronger values for these latter traits (0.66 and 0.79 with PS and CPS, respectively). The moderate genetic correlations between OR and TNB are very similar to the values obtained at 50 d of gestation in the Nebraska experiment (Neal et al., 1989) but are lower than the estimates obtained by Young et al. (1977) , Bolet et al. (1989), and Bidanel et al. (1996) at 30 d of gestation. The strong genetic correlations between PS and litter size at birth agree with the esti-mates obtained in the Nebraska experiment (Neal et al., 1989) and with estimates obtained in rabbits and mice (Clutter et al., 1990; Blasco et al., 1993) . These favorable genetic correlations are in line with the significant improvement in TNB in the PS line. Based on the genetic parameters from this study, the observed response (LS estimate of 0.22 ± 0.10 piglet/generation) is close to the predictive correlative response (0.24 piglet/generation) but is clearly inferior to the predictive response to a direct selection on TNB (0.40 piglet/generation). It is also very similar to the response obtained after 14 generations in the Nebraska selection experiment on an index combining OR and embryo survival (0.21 ± 0.04 piglet/generation; Johnson et al., 1999) , although the indexes used put a much greater weight on ES than on PS in the present experiment (the ratio of index weights W ES /W OR was successively 6.8 and 15.0 in the Nebraska vs. 1.8 in the French experiment). The reason for this large difference is that the objectives were not the same; the Nebraska experiment aimed at selecting on an index maximizing response on litter size at birth, whereas the French one aimed at selecting on PS while maintaining OR at a constant level. The actual response slightly differed from expectations because the improvement of litter size was partly due to a small (LS estimate) to moderate (MM estimate) increase in ORF.
Conversely, in spite of the positive genetic correlations between ovulation rate and litter size, no correlative response on litter size at birth was obtained from selection for an increased ovulation rate. This lack of response is related to the negative genetic correlation between OR and PS but may have several explanations from a physiological viewpoint. Uterine capacity, i.e., the maximum number of fetuses the sow can carry up to term, may limit the efficiency on selection on ovulation rate (Bennett and Leymaster, 1990; Perez-Enciso et al., 1996; Perez-Enciso and Bidanel, 1997 ). An increase in fetal loss is expected in this situation. Yet, other causes such as an increased proportion of immature oocytes, a greater asynchrony between uterus and embryos, resulting in embryo rather than fetal losses, may also explain the lack of correlative response on litter size.
The genetic parameters obtained in this study can be used to predict the relative efficiency of selection on an index combining OR and PS vs. direct selection on litter size. Based on the model developed by Perez-Enciso et al. (1996) , the predicted superiority of the index over direct selection would be only a few percent in the French Large White population. Given the extra costs associated with ovulation rate measurement, the interest of selecting on components of litter size appear rather limited in this large population where alternative selection strategies such as hyperprolific selection can easily be implemented.
IMPLICATIONS
These results confirm that ovulation rate is moderately heritable and can easily be improved through selection but without any correlated response on litter size. They also show that a limited but significant genetic variation of prenatal survival exists in French Large White population. Selecting for an improved prenatal survival or an index combining ovulation rate and prenatal survival is effective in improving litter size at birth. Yet, predicted genetic trends based on estimated genetic parameters of components of litter size in this population tend to show that the superiority of selecting on an index combining ovulation rate and prenatal survival is limited, so that this selection strategy cannot be recommended in this population.
LITERATURE CITED
